The melt rheology of a low T g tin phosphate glass [Pglass] has been studied with oscillatory shear flow experiments to accelerate efforts to melt process the glass with different organic polymers. The w dependence of the complex viscosity h * of the Pglass is easily predicted by a modified Rouse model with two relaxation times. The complex viscosity of the glass at different temperatures and frequencies can be superposed and described by the Arrhenius equation. At higher temperatures, the melt viscosity of the Pglass increased monotonically with time. This viscosity rise is thought to be due to sample crystallization. The Pglass was melt-mixed with two different thermoplastic polymers (low-density polyethylene and polystyrene) to produce unique hybrid materials with interesting microstructures.
INTRODUCTION
Recent successes [1] [2] [3] [4] [5] [6] [7] [8] [9] in developing low-T g inorganic glasses based on phosphate glass chemistry have spurred interest in the relationship among processing, properties, and microstructure of organic-inorganic polymer hybrids. The low T g [@ 100°C ] of the inorganic glass phase permits it's loading at a very high content [up to 50 vol.% or 85 wt.%] in the hybrid. By contrast, such high glass loading levels are impossible to process by using conventional inorganic fillers such as borosilicate [E-glass] glasses and conventional polymer processing method because of high intractable viscosity of the composite melt.
Phosphate glasses [1-4, 7, 10-13] offer many advantages over the more traditional inorganic fillers such as silicate glasses [14] . One key advantage of the former is their T g that is low enough to permit melt processing with engineering thermoplastics to afford composite hybrid systems [4, 5, 8, 9] . Recent studies [4, 7] have focused on developing chemically durable phosphate glasses with low T g for the purpose of producing injection-moldable glass-polymer composites that are stiff, strong, and dimensionally stable at high-temperature for high-end uses. Formability of these hybrids by injection molding of varying compositions with different thermoplastics and thermosets [4, 7, 9, 15] and with biodegradable plastic compositions [16] to give composites with considerable improvement in stiffness and strength of the pure polymer have been reported. In the papers just cited, the authors report that the phosphate glass forms the dispersed phase that is present as small beads or elongated fibers in the continuous polymer phase to an extent that depends on the nature of the composite components and processing conditions.
Processing of these glasses into useful components often requires significant shear deformation. Traditional silicate glasses have been studied quite extensively, and their flow properties are well documented [14, 17] . In contrast, the rheological behavior of phosphate glasses is little studied. In this paper, we aim to carry out a detailed rheological characterization of a tinphosphate glass composition. The focus of the paper is on understanding the dynamic melt flow and stability of this glass at various temperatures. The melt-mixing of this glass with different thermoplastic polymers to give unique organic-inorganic hybrids is demonstrated.
EXPERIMENTAL

MATERIALS
A tin phosphate glass (hereafter referred to as Pglass) having a molar composition of 0.50SnF 2 + 0.20SnO + 0.30P 2 O 5 was synthesized in our laboratory following the procedures reported elsewhere [18] . Differential scanning calorimetry was carried out on the powdered glass at a rate of 5°C/min from 30°C to 200°C. A secondary transition characteristic of a glass transition temperature T g was found at 116 ± 2°C. The average density of the Pglass at room temperature was measured as 3.75 g/cc using standard techniques.
Small disks (25 mm diameter ¥ 3 mm height) were fabricated from the Pglass for parallel plateplate rheological experiments. This was done by pouring the molten Pglass into stainless steel molds. The disks were cooled and after solidification placed in an annealing oven. The disks were optically transparent and colorless. The annealed disks were then placed in a sealed plastic bag and stored in a desiccator until required for testing.
MELT RHEOLOGY
Small-amplitude parallel plate-plate experiments were performed on the Pglass disks using a dynamic mechanical spectrometer [ARES ® , Rheometrics Scientific] operating under RSI Orchestrator software for automatic equipment control, data acquisition and analysis. Temperatures were restricted primarily to those above the T g of the Pglass. The plates, and the fixtures holding them, were made of stainless steel. The sample compartment was continuously blanketed with nitrogen throughout the experiments. The nitrogen temperature was used to control the sample temperature. A probe in contact with the lower pa rallel plate sensed the sample temperature. The melt viscoelastic properties of the Pglass were measured under dynamic shear deformation. These are reported in terms of the complex dynamic shear viscosity [h * ]. The reproducibility of the measured parameters was tested with at least three samples.
Melt viscosity h * was measured at selected frequencies and temperatures. The angular frequency at each temperature ranged from 0.1 to 100 rad/s. Temperatures were scanned from 200°C to 250°C in 10°C steps at a strain of 2 %. A fresh sample was used at each temperature. The viscosities measured at this strain were found to be strain independent. This was confirmed with strain and frequency sweep experiments at 200°C, and assumed to be true for the lower viscosities found at higher temperatures.
MELT STABILITY
Samples were continuously subjected to a sinusoidal shear flow for about 2 h at a low frequency of 1 rad/s and a controlled strain of 1 %. The complex dynamic viscosity was continuously measured at fixed time intervals at the same frequency and strain. To study the effect of temperature on melt-stability, the experiments were run at temperatures from 210°C to 250°C. A fresh sample was used in each case. January/February 2001
MELT BLENDING
The Pglass was melt-mixed with two different organic thermoplastic polymers to produce novel organic-inorganic hybrid materials. The polymers used were low-density polyethylene [LDPE] , and polystyrene [PS] . Information about these polymers is provided in Table I . It should be noted that the LDPE is a semi-crystalline polymer, whereas the PS is completely amorphous. These polymers were selected in order to study the effect of the type of polymer on the microstructure of the hybrid formed.
A Brabender Measuring Head [C. W. Brabender Instruments, Inc.] torque mixer with twin roller-type rotors was used to prepare the hybrids. The mixer was preheated to the mixing temperature [see Table I ] and a fixed shear rate of 30 rpm was set. The polymer was first added to the mixing head of the mixer and maintained at the mixing temperature for about 5 minutes until a homogeneous melt was achieved. Subsequently, the glass was added and the mixture was melt-mixed for about 20 minutes until it homogenized completely. A number of hybrids with glass loading varying from 10 vol% to 50 vol% were prepared. The hybrids obtained by melt mixing in the mixer were compression molded in a lab-scale compression molding press [Elmes Engineering, Cincinnati]. Small disks [25 mm diameter ¥ 3 mm height] were compression molded under a pressure of 4 MPa at the mixing temperature. A mold residence time of about 5 minutes was used and the molded sample was allowed to cool in air to ambient temperature under the molding pressure of 4 MPa.
RESULTS AND DISCUSSION
MELT RHEOLOGY
To characterize the flow properties of this system a detailed rheological characterization was carried out with the ARES ® rheometer [Rheometrics Scientific]. The complex viscosity h * (w) of the Pglass was measured as a function of angular frequency w for selected temperatures above the T g . The results are summarized in Fig. 1 . The noteworthy features of the Pglass are:
1.) |h * (w)| depends strongly on frequency w at low temperatures (200°C) 2.) |h * (w)| decreases sharply with increasing temperatures. The |h * (w)| is of the order of 10 4 Pa.s at 200°C, and 10 3 Pa.s in the 210 -250 0 C range. Thus, we find a substantial reduction in |h * (w)| as the temperature is increased. By selecting the appropriate processing temperature, the Pglass viscosity can be made to match the viscosity of engineering thermoplastics as is often desired for coprocessing melt blends or hybrids.
The increase in viscoelasticity observed at low frequencies at 250°C may be due to structural reordering of the relatively short chain glass structures in the melt (liquid) phase as discussed later [7] . High temperatures exacerbate this melt reordering. For a combination of very long times (low frequencies w << 0.1 rad/s) and temperatures (T > 250°C), sample crystallization causes very large increases in the sample viscosity which cannot be reliably measured with the ARES rheometer used in this study. Hence, the data at frequencies lower than the ones reported in this paper are not reported. We used only the reliable portion of the data obtained in the restricted frequency and temperature window of this study in testing applicability of the Arrhenius type equations discussed later. Fortuitously, our current interest is in high rather than low frequency dependency of viscoelasticity of the glasses for the reasons already mentioned.
Sammler and co-workers [6] modeled the rheology of zinc phosphate glasses using a modified Rouse theory. This theory was developed for undiluted polymers of low molecular weight (< 20,000 g/mol) [19] . The Rouse model predicts the complex dynamic viscosity as (1) Here the Pglass has a density r, molecular weight M, and a set of relaxation times {t 1 , t 2 , t 3 , ..., t N } at absolute temperature T and angular frequen- reported elsewhere [20] . Figure 3 clearly indicates that there is a substantial amount of both types of units present in the glass, and both types would contribute a characteristic relaxation mode. Fig. 3 also indicates the presence of a third unit labeled P 2' . The exact nature and composition of this unit is currently under investigation. Considering two terms in the Rouse theory leads to a more realistic model for the frequency dependence of the complex viscosity. In this case, the change in complex viscosity as a function of frequency can be described as (6) We can introduce two constants as and (7) These two constants have the units of viscosity. The magnitude of the complex viscosity can then be derived as (8) The predictions of the 2-parameter Rouse model are shown in Fig. 4 . For clarity, only the results at 200°C, 230°C and 250°C are shown. It can be seen that by introducing a second term in the model, the theoretical predictions show a much better agreement with the experimental data than before. The t i values were determined by using the IRIS software developed by Prof. Winter and coworkers at University of Massachusetts, Amherst. The software directly calculates the relaxation times by a non-linear regression of the dynamic viscoelastic data on the Pglass [21, 22] . The t i and corresponding h i values are reported in Table 2 cy w. Here, R is the ideal-gas-law constant and i = ÷ -1. For a melt with one relaxation time t, the theory reduces to (2) This is the model used by Sammler and co-workers [6] in their work. They have defined a zero shear viscosity h 0 as (3) and (4) where f h = tan -1 {wt} deg. The magnitude of the complex viscosity is given as (5) Figure 2 shows the predictions of the 1-parameter Rouse model for the dynamic shear data of the Pglass at 200°C, 230°C, and 250°C. It is clear that the model agrees very well at low values of the angular frequency w, but deviates substantially at higher w. This model predicts a more shear-thinning nature at higher w, than experimentally observed. The predicted behavior just mentioned would hold true if the Pglass was composed of very small phosphate chains, which are very similar in length. However, for the Pglass used, high-pressure liquid chromatography (HPLC) indicates the presence of two types of units (Fig. 3) . These are the P 1 and P 2 units, where the superscript indicates the number of phosphate units in a chain. Additional details on HPLC and size distribution of phosphate glasses are η ω η ωτ There is some previously reported evidence supporting the viscoelastic behavior of inorganic glasses especially phosphate glasses under certain conditions [6, 7, 14] . While it is expected that both viscosities (h 1 and h 2 ) and relaxation times (t 1 and t 2 ) extracted from the present model would decrease with increasing temperatures, the results show that this trend is strictly true for h 1 (there is no clear trend in the temperature dependency of the remaining parameters). The reason for this discrepancy is not clear at this time but it may be due to the melt reordering and dynamics of the phosphate anion chains that we are currently studying using other more sensitive techniques such as nuclear magnetic resonance spectroscopy for probing structure and dynamics of materials [23, 24] .
It is customary to use an arbitrary, physically sensible set of parameters to predict macroscopic rheological behavior of systems such as the present glasses that are not amenable to simple, classical theoretical analysis. For example, the melt viscoelasticity and the associated structure evolution of the present glass system are complicated by factors such as particle-particle physicochemical interactions, droplet coalescence, glass composition dependence, and tendency of the glass to crystallize at elevated temperatures. To our knowledge, these factors are not accounted for in any available rheological model, making the present model described in the manuscript useful for interpreting the experimental results.
TIME-TEMPERATURE SUPERPOSITION
To understand the effect of temperature on the viscosity of the Pglass, we performed frequency sweeps at temperatures ranging from 200°C to 250°C, in increments of 10°C. The Time-Temperature Superposition [TTS] test is important for two reasons. Firstly, by using the data and the Time-Temperature Superposition principle, it is possible to get master curves for all desired temperatures, without actually performing the test at the desired temperatures. Secondly, the data also indicates how the viscosity drops as we increase the temperature over a wide range of frequencies that may not be experimentally accessible. If there is a substantial drop in viscosity by an incremental increase in temperature, then it might be a good idea to select that temperature as the processing temperature because it will significantly enhance the processability of the material. The TTS shift factor a T was defined for each temperature as (9) The reference temperature T 0 was selected as 220°C. The dependence of the shift factors a T with temperature can be fitted to an Arrhenius type exponential function of the form [19] (10)
where DH is the flow-activation energy and R is the universal gas constant
The temperature dependency of the shift factor could not be predicted by the William, Landel and Ferry equation (WLF) [19] , as the temperatures we investigated were well above the T g of the Pglass. The WLF equation is typically valid at temperatures close to the glass transition temperatures [25] . Therefore, we applied an Arrhenius-type relation (derived from the AndradeEyring equation) that is useful over a wider temperature range [25] . This relation was found to be valid over the temperature range (200°C to 250°C) used in our experiments.
The experimental a T values and the Arrhenius predictions given by Eq. 10 are shown in Fig. 5 . As can be seen from Fig. 5 , there is a very good agreement between theory and experimental data. The excellent superposition of the viscosity data suggests that the glass is thermal- 
MELT STABILITY
The melt stability of the Pglass at various temperatures was evaluated by subjecting disks of the Pglass to small amplitude oscillatory shear flows [strain = 1%, w = 1 rad/s] for two hours. The results demonstrating melt instabilities at longer times are reported in Fig. 6 . The viscosity increases monotonically with time especially at long times and elevated temperatures. This increase in viscosity can lead to complications in the processing of this glass with thermoplastics. Figure 6 also shows that the melt instability is a function of temperature, at higher temperatures the time elapsed before the instabilities are observed is shorter. This places a limit on the processing time at various temperatures. The time for a 20% increase in viscosity is reported as t onset in Table 3 for the Pglass at various temperatures. This table shows that t onset decreases with increasing temperature. One approach to simplify the processing of the Pglass may be to limit processing times to below t onset . Crystallization of the glass or a structural reordering of the phosphate units in the melt is suspected to be responsible for the observed melt instabilities like others have reported for other Pglass compositions [6, 7] . It should be noted that the time scales used in the frequency sweep experiments are much smaller than the t onset values calculated at each temperature.
MORPHOLOGY OF PGLASS-POLYMER HYBRIDS
Polymer hybrids are important industrial materials because their properties can be altered to satisfy a wide range of applications by suitably controlling the microstructure and composition. Organic-organic polymer hybrids have been in use for quite a few years. When inorganic fillers such as CaCO 3 , talc, glass, and clays are incorporated into these polymer hybrids, substantial improvement in properties of the pure polymers can be achieved. Often, addition of the solid inorganic fillers can lead to intractable viscosity of the polymer hybrid, especially at filler levels greater than 30 volume percent, making it impossible to melt process them into useful products using conventional plastics processing methods such as injection molding. By contrast the present low-T g tin phosphate glass can be co-processed with organic polymers using conventional plastics processing methods to yield hybrid materials with up to 50 vol% glass loading [26, 27] .
In this study, the Pglass was melt-mixed with two different organic thermoplastic polymers: 1.) low-density polyethylene (LDPE), and 2.) polystyrene (PS). The typical morphology of these hybrids, obtained by melt-mixing is shown in Figs. 7 and 8 . Fig. 7a shows the microstructure for 10% Pglass-LDPE, Fig. 7b is for 30% Pglass-LDPE, and Fig. 7c shows the microstructure for 50% Pglass-LDPE. In these micrographs, the light phase is the Pglass and the dark phase is the LDPE. Similarly, 10% Pglass-PS is in Fig. 8a, 30% in Fig.  8b , and 50% in Fig. 8c . Figure 9 shows the microstructure of the powdered Pglass used in the melt-mixing process. Note that the micrographs were taken at different magnifications, the LDPE-Pglass hybrids are at 40X, the PS-Pglass is at 1000X, and the Pglass is at 1000X. From Figs. 7 and 8, it is obvious that the microstructure evolution is strongly dependent on the type of thermoplastic polymer used.
For the LDPE-Pglass hybrids, increasing the glass loading leads to evolution of a different microstructure. For 10% Pglass loading (i.e., lowest Pglass concentration studied), the Pglass is dispersed as tiny beads in the continuous polymer matrix. Increasing the glass loading to 30% leads to an elongated microstructure (Fig. 7b) structure develops (see Fig. 7c ). One important observation is that even for the 10% hybrid, the size of the Pglass droplets is much larger than the particle size of Pglass that was used in the meltmixing step, indicating that the Pglass particles have coalesced to form the droplets. A detailed rheological analysis was carried out on the LDPEPglass hybrids as previously reported [26, 27] . The flexibility to tailor the microstructure of the Pglass phase in the hybrid in a facile manner is thought to be important because it may lead to development of a new class of materials with interesting properties for a number of applications mentioned earlier.
For the PS-Pglass hybrids, no interpenetrating network structure is evident. Here, the Pglass is dispersed as droplets in the PS matrix, and the size of the Pglass droplets is much smaller than the particle size of Pglass that was used in the melt-mixing step. This observation implies that the Pglass particles have broken up to form the droplets.
From the preceding discussion, it is clear that the nature of the polymer strongly influences the nature of the resulting microstructure. The interfacial tension between the Pglass and the polymer is believed to be responsible for the coalescence (LDPE hybrids) and break-up (PS hybrids) of the dispersed Pglass particles. The evaluation of the interfacial tension in these hybrids is the subject of ongoing research in our laboratory. The preliminary results of the study just mentioned for a model polymer-Pglass hybrid is reported elsewhere [27, 28] .
The theoretical analysis of microstructure evolution of the polymer-Pglass hybrid materials and their associated rheological response are complicated by factors such as particle-particle physicochemical interactions, droplet coalescence, glass composition dependence, and tendency of the glass phase to crystallize at elevated temperatures, making it difficult to apply polymer blend viscoelasticity models such as the Palierne model [29] . These factors are not
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Applied Rheology January/February 2001 Fig. 7 (left) : SEM micrographs  of (a) 10 vol% , (b) 30 vol%, and (c) 50 vol% Pglass-LDPE hybrids. [30] .
CONCLUSION
The melt rheology of a low T g tin phosphate glass was studied and used to guide the selection of optimum processing temperatures with different thermoplastic polymers. The complex viscosity of the Pglass can be modeled by a modified Rouse model with two relaxation times. The frequency and temperature dependence of complex viscosity of the glass can be superposed and described by the Arrhenius-type relation. An Arrhenius flow activation energy of 87.08 kJ/mol was estimated for the Pglass. This value is consistent with the values reported for inorganic glass melts. The superpositioning of the experimental data enables the estimation of the viscosity for any frequency and temperature relevant to the processing of the Pglass. Thermal instabilities in the melt viscosity of the Pglass were observed at longer times, and these were accelerated at elevated temperatures.
Special organic-inorganic hybrid materials were developed by melt-mixing the Pglass with LDPE and PS to yield materials showing evolution of a unique and interesting microstructure of the Pglass phase in the organic-inorganic polymer hybrids.These microstructures maybe beneficially exploited in applications requiring the desirable properties of the hybrid components such as high stiffness and strength, excellent flame resistance, gas/liquid barrier properties, ease of processing, and low cost. The dynamics of the microstructure evolution in these hybrid materials is one critical area for additional study because it will afford the knowledge needed to tailor the final properties of these interesting materials to specific applications.
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